I N T R O D U C T I O N
ALTHOUGH SEVERAL investigators have provided quantitative descriptions of the dimensions of adult human airways few have described their growth. Morphometric models for the adult tracheobronchial airways have been published by WEIBEL (1963) , HORSFIELD et ah, (1971) and by YEH and SCHUM (1980) . Limited information on bronchial dimensions in children has been published, but it is not complete enough to establish growth patterns for the TB tree (ENGEL, 1913; SCAMMON 1923) .
The full number of bronchial airways is usually assumed to be present at birth and alveolarization of bronchioles continues postnatally in a proximal direction. Bronchial airway growth generally parallels changes in stature, but there is confusion regarding details (THURLBECK, 1977) . The reasons for the lack of agreement on airway growth patterns include differences in techniques used by various investigators, significant variability among subjects, airway sampling problems and the lack of normal tissue. Despite the lack of quantitative information, the need to estimate environmental risks led to the use of theoretically based tracheobronchial growth curves by HOFMANN (1982) . Because HOFMANN'S dose calculations for particles inhaled by children did vary significantly as a function of age, the importance of accurately denning tracheobronchial growth is underscored. YEH et al. (1976) described the factors influencing inhaled particle deposition and the anatomical input needed for modelling. The phenomena of diffusion, inertial impaction and gravitational sedimentation were assumed to be adequate for describing the relevant particle behaviour. YEH'S calculations are in good agreement with particle deposition data for healthy humans. The anatomical information required includes airway tube lengths, diameters, branching angles, and inclinations to gravity. The 12 R. F. PHALEN et al techniques for obtaining this information from replica casts of airways involve establishing an idealized model of an airway branch, defining the appropriate dimensions on this branch, and performing measurements on the casts.
METHODS
Twenty tracheobronchial airway casts made by J. MORTENSEN were used for morphometric measurements. The subjects, aged 11 days to 21 years, had no recognizable chronic lung disease, and died of causes not believed to alter the tracheobronchial dimensions. Data taken at the time of casting included body mass and length, and chest circumference. Dow Corning RTV 310 Silastic was placed into an injector which displaced saline as it slowly filled the lung in situ until the material would not flow (about 1 hour of filling). The silicone rubber was cured in situ, the lungs were removed and the tissue digested. A trimmed cast ready for measurement is shown in Fig. 1 . Measurements were made by the authors.
Each airway measured was identified by a unique binary number (PHALEN, et al., 1978) . Over 90% of the measurements on the casts were independently measured by two morphometrists, a parity test performed, and any tubes for which there were major disagreements were measured again. For each of the lung casts, every airway down to the 3rd generation was measured (trachea = generation 0). In addition, a terminal bronchiole in the right upper lobe of each cast was marked with a thread tie and the pathway to the bronchiole measured. The pathway was typically 11 divisions. For each measured airway, length, diameter, and branching angle were recorded. Measurements were also made on several terminal bronchioles and the two divisions just proximal to them. In total, about 25 individual airways were measured in each cast.
Airway lengths and diameters were found to be linearly correlated with body length. Linear regression equations for each generation were used as multipliers for YEH and SCHUM's (1980) adult tracheobronchial dimensions in order to obtain age-specific airway dimensions as a function of body length (assumed equal to height). Although our measurements could be used to define adult dimensions, our data were focused on an upper lobe while YEH and SCHUM's data were on the whole lung. Thus our growth equations were scaled to yield YEH and SCHUM's adult tracheobronchial model when a body height of 175 cm is used.
The body-size scaled tracheobronchial data were used as input into the particle deposition equations of YEH and SCHUM (1980) . Values for airflow rates for humans of various ages, both at rest and during maximal exercise, were taken from a compilation of published values (ALTMAN and DITTMER, 1971) . The particle deposition calculations were performed using 3 ventilation states corresponding to low activity (10 litres/min for the adult), light exertion (20 litres/min for the adult), and heavy exertion (60 litres/min for the adult). Ventilation was scaled downward as linear functions of body mass. The air flow rates for selected ages, along with body height and mass are given in Table 1 .
The particle diameters used for deposition calculations ranged from 0.01 to 10.0 micrometers; unit density and spherical shape were assumed. Although bronchi are distinguished by cartilage in their walls, airways in generations 1 to 8 were called bronchi as a working definition. When bronchial dimensions for each generation were plotted vs. body height, they demonstrated linear relationships with that parameter. Least squares fits yielded the following growth equations: The standard error (SE) is the mean standard error around the best-fit line; r is the correlation coefficient. Growth equation constants for bronchioles (generation 9 to 15) were interpolated using a straight line (on a semi-log plot) connecting the measured generations. The resulting equations for L and D (mm) vs H (cm) are shown below. Although YEH and SCHUM (1980) have used 60° for gravity angles of distal airways (on the assumption of random orientation in 3 dimensions), measured angles often approach 45°. Thus 45° was assumed as the gravity angle of airways beyond generation 13.
B. Computed Particle Deposition
Particle deposition efficiencies, expressed as a fraction of those entering the trachea, were calculated as functions of age, particle diameter, and ventilatory state. Fig. 2 shows the computed deposition efficiencies for particle diameters from 0.01 to 10.0 micrometers for 3 representative ages and 3 states of ventilation. The minimum at about 0.5 micrometers is due to the fact that for such size particles, sedimentation, impaction, and diffusion are all inefficient deposition mechanisms. In general, increasing age is associated with decreasing particle deposition efficiency. This is not necessarily the case at high flow rates and large particle diameters as seen in Fig. 2c . All calculations were for inhalation only.
DISCUSSION
In general, at a given age our model airways are usually larger than those formerly reported. It is noted that our subjects tended to be larger in stature at a given age than children were in the past (ALTMAN and DITTMER, 1972) . Thus, age is not as useful as height (or sitting height) for tracheobronchial growth curves.
For adults, the computed particle deposition efficiencies are comparable to laboratory measurements of tracheobronchial deposition in human subjects (summarized by LlPPMANN et al., 1971) . Our computations are also in basic agreement with other model calculations (TASK G R O U P ON LUNG DYNAMICS, 1966; CHAN and LlPPMANN, 1980) . Comparable predictions for children for a wide range of particle sizes have not been published previously. HOFMANN (1982) published computed deposition probabilities (deposition per cm 2 of surface area) for submicron particles (0.08 //m) for tracheobronchial airways as a function of age. His computations generally predicted that deposition efficiency was highest in the newborn, decreased with increasing age to 21 years, and remained essentially constant for greater ages. Our calculations are in agreement with this prediction.
The model predictions indicate that smaller individuals will generally have greater particle deposition efficiencies within the tracheobronchial tree (as a fraction of particles entering the trachea) than larger individuals at a given activity state. The predictions apply most directly to mouth breathing individuals. Also, because minute ventilation at a given state of activity is approximately linearly related to body mass plus an additional constant, under similar levels of activity the smaller person inhales more air per unit body mass. Therefore, higher initial tracheobronchial doses on a per unit body mass basis are predicted for smaller people. This conclusion was also arrived at qualitatively by HlSLOP, et al. (1972) . Figure 3 shows an example of this age-related dose effect for several particle sizes at low activity ventilation (10 L/min in the adult). If all other factors were identical between a young person and an adult, the young person might be at greater risk from many types of airborne particles. These other factors include deposition efficiency in the nasal, oral and pharyngeal airways and at the larynx; speed and efficiency of clearance of deposited material; efficiency of defences; and tissue sensitivity. Particle deposition efficiencies in the airways of the head as a function of body size are at present unknown. Because particle deposition in head airways can protect the remainder of the respiratory tract, research in this area deserves high priority. Although it is probable that children spend more time exercising than adults and thus may receive even greater doses than we have predicted, quantitative data are lacking so this factor was not included in the dose calculations.
Our data can be used to shed new light on the ways in which human airways grow. All generations of airways appear to grow in length and in diameter in proportion to body height, but the slope is greater for larger airways so larger airways grow proportionately more rapidly than smaller ones. 20 R-F. PHALEN et al DISCUSSION J. HEYDER: It is not considered that particle deposition takes place for those particles which are not deposited in the lung periphery and return to the tracheo-bronchial. R. F. PHALEN: That is correct. Our model is relatively simple in that it is an inspiratory one only.
J. D. BRAIN: Your predictions are very interesting, and potentially important in estimating risk in children. My major concern with your estimates is that they begin with the trachea; the upper airways are ignored. We are faced with the frightening spectre of headless infants and children.
What is known about the geometry and collection efficiency of the nose, mouth and larynx as a function of age and body size?
What is known about transitions between mouth and nose breathing in children? Finally, are there any experimental data on collection efficiency and particle distribution in children, which can be used to test your predictions? R. F. PHALEN: We began with the tracheobronchial model because we had good anatomical information on the growth of that region. Ignoring the upper airways means that the predictions are probably most applicable to oral breathing. The nose which has unknown dimensions during growth could change the tracheobronchial doses considerably. Our early efforts on modelling nasal deposition indicate that the results will be very sensitive to the precise anatomy. Using a simple scaled pipe model for the nose we predict that children's noses have greater collection efficiencies than adults' noses. On the other hand, using published nasal pressure drop data for children and putting them into Houman's equation it appears that, under some circumstances, the child's nose would be less efficient than the adult's nose. At present, there is great uncertainty regarding the nose.
The answer to the remainder of your questions is that the data do not exist.
M. T. R. REISNER: If particle deposition in the tracheobronchial tract of children and young people is greater than in that of adolescents, will you agree with me that smaller airways serve as a better elutriator (pre-separator) for the respirable dust fraction, which then has less chance to penetrate into the alveolar range, and be deposited there? Epidemiological studies in West German coal-mines have shown that the younger the miners have been at start of work underground (age less than 22 years), the less frequently they have contracted simple pneumoconiosis with the same dust exposure.
R. F. PHALEN:
Correct. The higher tracheobronchial deposition would produce a sparing effect on the deep lung. For appropriate risk estimates for children one should consider separately materials that are hazardous when deposited in the tracheobronchial region and materials that are hazardous when deposited in the deep lung. Asthma, and perhaps other tracheobronchial diseases, are common in children.
C. P. Yu: We have made similar deposition calculations for humans at different ages. We found total deposition in the lung is maximum at 2 years old and that deposition in the head region decreases as age increases.
R. F. PHALEN: Our preliminary work on the nose does not show such a maximum at age 2 years. The greater total deposition for smaller people is consistent with our work and the recent work of Thomas and Healy of Los Alamos. They have a paper which is to be presented later in this meeting. Our tracheobronchial conclusions are similar to those of Hofmann's, who considered very small particles and calculated dose in terms of mass deposited per square centimetre of airway surface.
